The chlorinated phenoxyacetates represent one of the most widely used classes of herbicides, and the knowledge of their degradative pathways is important in assessing potential environmental contamination. Studies of the breakdown of a synthetic chemical applied under natural conditions in minute amounts are very difficult, however. Studies of biodegradation are, therefore, often first performed with individual organisms or their enzyme systems as models of the biodegradation process in nature.
Several investigations have been made on the metabolism of the herbicide 4-chloro-2-methylphenoxyacetic acid (MCPA), but little is yet known of the mechanism and intermediate products formed during such microbial degradation.
On the basis of manometric experiments with a strain of Flavobacterium peregrinum, Steenson and Walker (12) suggested that 4-chloro-2-methylphenol is an intermediate since it was oxidized by the MCPA-grown organism. A similar proposal was made by Audus (1) on the basis of studies of soils perfused with phenoxy herbicides. Gaunt and Evans (4) suggested that 6-hydroxy-4-chloro-2-methylphenoxyacetic acid is an early
Results of the first study of an enzyme preparation active in the degradation of any of the several phenoxy herbicides were reported in a recent communication from this laboratory (M. A. Loos, J.-M. Bollag, and M. Alexander, J. Agr. Food Chem., in press). In this communication, results of an investigation on the bacterial and enzymatic decomposition of MCPA are presented.
MATERIALS AND METHODS
Cultural methods. The two bacteria employed were isolated from soil by enrichment culture techniques with MCPA or 2,4-dichlorophenoxyacetic acid (2,4-D) as the sole carbon source in the enrichment medium. One of the organisms was the Arthrobacter sp. previously used for the study of the breakdown of 2),4-D (8, 9 Enzyme preparation and assay. The cells were collected near the end of the exponential growth phase by centrifugation and were washed three times with cold 0.02 M phosphate buffer (pH 7.0). The Arthrobacter sp. cells were suspended in the same buffer and the suspension was passed through a cooled French press (American Instrument Co., Silver Spring, Md.) at a pressure of 1,500 psi. F. peregrinum cells were ruptured by disintegration with the Biosonik ultrasonic probe (Bronwill Scientific, Rochester, N.Y.) for 10 min at a temperature not exceeding 5 C. The unbroken cells, cell debris, and large particulate materials were removed by centrifugation at 20,000 X g for 15 min to yield the crude extract.
Enzymatic activity was assayed at 25 C by incubating 0.5 to 1.0 ml of the cell extract in 0.02 M phosphate buffer (pH 7.0) with 1.0 j,mole of the substrate in a final volume of 1.1 ml. The reaction was terminated by the addition of 2 N HNO3 or the tungstic acid reagent of Van Slyke and Hawkins (see reference 6), the mixture was centrifuged at about 5,000 X g, and the supernatant fluid was removed for analysis. A boiled enzyme control was included in all assays.
Analytical methods. For gas chromatography, the Aerograph Autoprep chromatograph, model A-700 (Wilkens Instrument and Research, Inc., Walnut Creek, Calif.), equipped with flame ionization detector was employed. The column was coiled glass, 3.0 meters X 7.5 mm (internal diameter), containing 10% DC 200 methylsilicone oil (12,500 centistokes) on Chromosorb W-AW, 80-to 100-mesh. The flow rate of the carrier gas, N2, was 180 ml/min. The operating temperatures were: column, 200 C; injector, 240 C; detector, 250 C; and collector, 225 C. The split ratio was 1:9.
For MCPA analysis, the solutions were acidified to pH 1.5 prior to gas chromatography to achieve a high extraction efficiency. The samples were usually extracted three times with an amount of redistilled CS2 equivalent to approximately 20% of the original sample volume, and the solvent was evaporated in a boiling-water bath. Prior to chromatographic analysis, MCPA was methylated by boiling the sample residue with BCl3-methanol reagent (Applied Science Laboratories, Inc., State College, Pa.) for 5 min. The methyl ester of MCPA was dissolved in 1 ml of CS2 and partitioned against 5 ml of water, and its concentration was determined.
For the determination of 4-chloro-2-methylphenol, the pH was adjusted to 3.0 or 3.5, and the solution was extracted with diethyl ether. The extract was dried with anhydrous Na2SO4 and was then concentrated by distillation or in an oscillatory vacuum evaporator (Rotary Evapo-Mix, Buchler Instruments, Fort Lee, N.J.). Some samples were treated with N,O-bis(trimethylsilyl)acetamide to convert any phenols present to their trimethylsilyl derivatives (7) . After the solvent was removed, the extracted sample was dissolved in 150 ,uliters of chloroform and was treated with 22 ,uliters of N, O-bis(trimethylsilyl)acetamide for 30 min in an atmosphere of dry N2. The reaction mixture was then analyzed in the gas chromatograph.
Infrared spectra of KBr pellets were obtained with a Beckman IRIO spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.). Ultraviolet spectra were obtained with a Beckman model DB recording spectrophotometer.
Chloride was determined by the method of Bergmann and Sanik (2) . No interference by tungstate or nitrate was noted. Protein was measured by the biuret method (5). Phenols were determined as previously described (8), with 4-chloro-2-methylphenol as standard. The borate buffer and the 4-amino antipyrine and potassium ferricyanide solutions were freshly prepared. Substituted phenols such as 4-chloro-2-methylphenol, o-cresol, and 2,4-dichlorophenol could be determined by the phenol method, although the sensitivity varied with the compound. No reaction in the phenol test was obtained with catechols such as 4-chloro-and 3-methylcatechol. Catechols were determined by a modification of Mitchell's (10) method, in which 1.0 ml of 0.05% osmic acid was added to 5.0 ml of the sample buffered at pH 7.8; after 15 min, the color intensity was determined at a wavelength of 450 m,u.
Radioactivity was measured with a liquid scintillation counter with 2,5-diphenyloxazole (PPO), p-bis-[2-(5-phenyloxazolyl)]benzene (POPOP), naphthalene, methanol, and ethylene glycol in dioxane as scintillator liquid. All the samples were counted for at least 10 min. The results reported are corrected for background.
Chemicals. MCPA (95% purity) was obtained from Eastman Organic Chemicals (Rochester, N.Y.). Methylation and subsequent gas chromatography of this product indicated the presence of many impurities, one of which gave a flame detector response of about 10% that of methylated MCPA. The MCPA used in the culture medium was recrystallized 2 to 3 X from xylene and once from hexane. This product melted at 114 to 116 C. The MCPA used as substrate for enzyme assays was further recrystallized 6 X from methylene chloride, and the solvent was removed by drying at 85 C. The latter product was an odorless, white, crystalline solid, with a melting point of 119 C. Carboxyllabeled 14C-MCPA (6.0 mc/mmole) was obtained from Nuclear-Chicago Corp., Des Plaines, Ill.
4-Chloro-2-methylanisole was synthesized by the reaction of 4-chloro-2-methylphenol with alkaline dimethyl sulfate. After recrystallization from aqueous ethyl alcohol, white platey crystals, melting point 36.5 to 37 C, were recovered which had gas chromatographic and infrared characteristics consistent with those expected of the anisole. The reported melting point of this anisole is 37 C (11 (Fig. 1) . It is evident from the data that a phenol also accumulated in cultures of Arthrobacter sp., and that its concentration reached a maximal level of 0.08 ,umole/ml. This phenol was further metabolized, in contrast with the results obtained with F. peregrinum. Both bacteria released essentially all of the chlorine in the herbicide as chloride.
A comparison of the ultraviolet (UV) spectra of supernatant fluids of the two bacterial cultures also revealed differences in the activity of the organisms (Fig. 2) . Whereas the substances absorbing light at 260 to 290 m,u disappeared with continued growth of the Arthrobacter sp., a broad absorption band remained in the F. peregrinum culture and was still present at 180 hr. The spectrum at 0 hr is that of MCPA. One or more of the products accumulating in F. peregrinum cultures apparently has a greater molar absorption than MCPA.
A compound with the retention time of authentic 4-chloro-2-methylphenol (3.6 min) was observed in gas chromatograms of F. peregrinum culture filtrates. The metabolite which was responsible for this large peak appeared only during the initial phase of phenol accumulation, as determined colorimetrically. To isolate the metabolite, samples were taken at regular intervals from an aerated 25-liter culture; they were acidified with HNO3 and centrifuged. The supernatant fluid was tested for phenolic substances colorimetrically and also extracted with CS2 for analysis by gas chromatography. The bacterial product was collected by preparative gas chromatography, several fractionations of the culture being employed to accumulate a sufficient amount of the chemical for subsequent study.
The unknown metabolite and authentic 4-chloro-2-methylphenol had identical infrared spectra (Fig. 3) and melting points. The amount of 4-chloro-2-methylphenol which was calculated from the chromatographic peak area corresponded to 11 mg/liter, which equals 3% of the concentration of the phenol that would be formed if all the MCPA were converted to 4-chloro-2-methylphenol. The gas chromatogram also contained numerous small peaks which were not identified.
Enzymatic degradation of MCPA. Cell extracts (Fig. 4) . The Arthrobacter sp. extract also dehalogenated 4-chloro-2-methylphenol and 4-chlorocatechol. The reactions appear to be enzymatic, because heated extracts were devoid of activity on these compounds.
The enzyme in the Arthrobacter sp. extract which acted upon MCPA was, on the basis of assays for chloride release, stable for about 2 days at 0 to 3 C. The same preparation remained active on 4-chloro-2-methylphenol for a much longer period. On the other hand, the F. peregrinum enzyme system catalyzing the release of chloride from MCPA remained active for about 1 week, but its specific activity on MCPA was much lower than that found in Arthrobacter sp.
extracts.
Crude extracts of both microorganisms were tested on substrates which are possible intermediates in phenoxyacetate herbicide degradation (8, 9) . These include the anisole and phenol corresponding to MCPA as well as several catechols. The activity was determined by measuring chloride release when the extract (27 and 69 mg of protein from Arthrobacter sp. and F. peregrinum, respectively) was incubated 4 hr with 1.0 ,umole of substrate at 25 C. The data in Table 1 show some similarities and one major dissimilarity in extracts of the two bacteria. Extracts of neither bacterium released chloride from 4-chloro-2-methylanisole, suggesting that this substance is not an intermediate in the MCPA decomposition by these organisms. The Arthrobacter sp. preparation metabolized 4-chloro-2-methylphenol, but no chloride was released from the phenol by the F. peregrinum preparation. Although the phenolmetabolizing enzyme of Arthrobacter sp. was readily detectable even after several months, the corresponding F. peregrinum enzyme may be highly labile; alternatively, the two cultures may have different pathways for the decomposition of the aromatic molecules.
The greatest activity was observed when 4-chlorocatechol was the substrate, all the bound The phenol-metabolizing enzyme requires a reduced pyridine nucleotide for the hydroxylation of the aromatic ring. This observation suggests that the responsible protein is a mixed function oxidase. A likely product of this step in the metabolic sequence is 5-chloro-3-methylcatechol, which remains to be identified. The next enzyme in the degradation process presumably catalyzes the destruction of the catechol and an opening of the benzene ring.
In marked contrast with the present results is the finding that replacement cultures of Aspergillus niger produce 4-chloro-5-hydroxy-2-methylphenoxyacetic acid as the major metabolite from MCPA (3) . Higher plants are also capable of hydroxylating phenoxyacetic acids (13, 14) . It is possible that hydroxylation of phenoxyacetates occurs in organisms not able to degrade the aromatic ring, whereas the cleavage of the ether linkage of phenoxyacetate herbicides without a prior hydroxylation occurs in those bacteria capable of an extensive degradation of the pesticide molecule.
